INTRODUCTION
There is considerable evidence that the inception and progress of tuberculosis have genetic components (27) , and that under certain conditions rabbits develop a form of this disease closely resembling what occurs in man. For these reasons, an inbred rabbit colony was begun 33 years ago by the senior author at the Henry Phipps Institute (23) .
The most important factor influencing native and acquired resistance to tuberculosis is the ability of macrophages to inhibit the growth of the bacilli within their cytoplasm. This factor determines how many primary tubercles develop after the quantitative inhalation of virulent human-type tubercle bacilli (H37Rv), and the number of such primary tubercles has been used as a criterion for inbreeding for the past 15 years (29) .
The history of the rabbits in this colony is summarized in Table 1 . They were inbred by brother-sister matings with occasional backcrossing to a parent. Line breeding, i.e., indiscriminate breeding within a given rabbit family, was performed to save families that be- came infertile by inbreeding. For this reason, the susceptible C family, now in its 21st generation, was line-bred since its 9th generation. The resistant T family in its 11th generation and the rather susceptible AD family in its 11th generation are now also being line-bred. The rather susceptible FCCa family in its 7th generation is still being inbred. These four families represent the major families in our colony today.
The purpose of this report is to list in one place characteristics of past and present members of this rabbit colony and the scientific contributions derived therefrom.
STUDIES CONCERNING TUBERCULOSIS The use of this inbred rabbit colony has contributed more to the field of tuberculosis than to any other field (Tables 1 and 2 ). These contributions are summarized in this section.
Resistance to Attack by Tuberculosis In 1964, six rabbits from each of four rabbit families were exposed to a strain of H37Rv of rather high virulence (13) . The "ratios" were as follows: T = 182 ± 36; AD = 56 ± 4; FCCa = 44 ±: 3; C = 48 ± 8. The mean ratio and its standard deviation are listed. c Unpublished data. d The resistance of families A and AD has declined since the ninth and seventh generation, respectively (27) .
e The D family of Swift stock was of intermediate resistance (23) .
tinues multiplication long enough to stimulate an immunological response. Two factors influence resistance to attack by inhaled tubercle bacilli: the trapping of bacilli in the lung, and the initial inactivation of these bacilli.
The trapping of bacilli in the lung seemed to be, in part, dependent on the ability of the alveolar macrophages (AM) to ingest them: AM from certain resistant rabbits were able to ingest twice as many bacilli in vitro in a given period of time as AM from certain susceptible rabbits (17) . These findings could explain why resistant rabbits developed tuberculosis sooner than susceptible rabbits when both groups breathed infected air in a closed room over a period of months (24) . Highly virulent bovine-type bacilli were used in this experiment. Every one of these is capable of producing a tuberculous lesion in resistant, as well as in susceptible, rabbits when it is trapped in the pulmonary alveoli (30) .
In contrast, for every inhaled human-type tubercle bacillus which produced a lesion, many were inactivated (29, 38) . Resistant rabbits inactivated more than susceptible rabbits. Thus, in spite of trapping more bacilli, the former resisted attack better than the latter (29) . In man, both the human and bovine types seem to be of intermediate virulence. One would therefore expect both the trapping of bacilli and their initial inactivation to influence man's resistance to attack by this disease.
Resistance to the Progress of Tuberculosis Resistant rabbits lived about twice as long as susceptible rabbits after infection with virulent bovine-type tubercle bacilli (23, 24, 29) . In primary pulmonary tubercles, resistant rabbits inhibited more effectively the accumulation or multiplication of bacilli (6, 23, 38) , which is influenced by both the rate of bacillary division and the rate at which the bacilli are inactivated. The greater restriction of bacillary accumulation was associated with a more rapid maturation of epithelioid cells in resistant rabbits (21, 38) . The spread of bacilli from the pulmonary lesions to the hilar lymph nodes was, however, greater in these animals (6, 38) , but the growth of the bacilli once they had reached these nodes was markedly inhibited (6, 23, 38) . Conversely, the spread of bacilli to the hilar nodes was less in susceptible animals (6, 38) , but, once there, the bacilli multiplied sufficiently to produce caseous lesions, typical of the primary childhood type of tuberculosis (23 was more pronounced (38) , and more invasion of the blood and lymph occurred. In older lesions of susceptible rabbits, more blood vessels and lymphatics were injured by the caseous process (23) , and more bacilli entered these channels (23, 38) . Thus, attributes of both resistance and susceptibility contributed to the dissemination of bacilli from the primary lesion. The decisive factor, however, was not the number of bacilli disseminated, but the fate of these bacilli in their new environment. Resistant rabbits inactivated a much larger percentage of bacilli that reach the lymph nodes, spleen, and kidneys than did susceptible rabbits (6, 23, 38) .
Pathogenesis of Tuberculosis Caused by
Bovine-Type Bacilli The severity of tuberculosis was determined by both the susceptibility of the host and the virulence of the infecting bacilli. Fully virulent bovine-type bacilli produced one pulmonary lesion for every bacillus that reached the alveolar spaces (30) , regardless of the native resistance of the host. In susceptible rabbits these bacilli accumulated to a much greater degree than in resistant animals (6, 23, 27) , and this accumulation continued, though at a reduced rate, even after acquired immunity developed (6) . Caseation necrosis resulted from sensitivity to the tuberculin-like products of the bacilli. It began at the centers of the tubercles and spread centrifugally, destroying the host defenses which attempted to localize the disease (23) . Blood vessels and lymphatics became necrotic, and bacilli entered their lumens and spread throughout the body. In the lungs many secondary tubercles developed, which became confluent and killed the host by caseous pneumonia. Cavity formation was rare.
At autopsy, progressive caseous tuberculosis was also present in the tracheobronchial lymph nodes, kidneys, spleen, and bone marrow (23) .
In resistant rabbits the accumulation of bovine bacilli was more effectively restricted after acquired immunity developed (6, 23, 27 (29) . The resistant phagocytes were of two types: those that initially inactivated the bacilli, and those that accomplished this only after acquired immunity developed. Both types of phagocytes would prevent the development of the primary tubercles observed in the lung 5 weeks after infection. Thus, this index of resistance measured a combination of resistance to attack and resistance to progress.
After the inhalation of human-type bacilli, the most resistant rabbits developed about 5% the number of primary tubercles found in the most susceptible rabbits (Table 1) . These tubercles were usually smaller and more interstitial in character, and usually contained fewer viable bacilli (38) . Their caseous centers were more mature, in that they contained more completely disintegrated nuclear debris (38) . In time these caseous centers liquefied (38) , but healing was rapid (29) and secondary lesions were rare (29) .
In the susceptible rabbits the primary lesions were more intra-alveolar in location and contained far more living bacilli. Their caseous centers showed incomplete digestion of nuclear debris (38) . Liquefaction did not occur (38) , healing was delayed (29) , and secondary lesions were common (27, 29) .
BCG Infection BCG is even less virulent for rabbits than human bacilli. The inhalation of many thousands of bacilli was required to produce a single primary pulmonary tubercle, which was quite small and healed rapidly (S. Abramson, unpublished data). Because of the difficulty in finding such pulmonary tubercles, the response of resistant and susceptible rabbits to BCG was best studied after intradermal inoculation. In the skin of resistant rabbits, the BCG nodules grew more rapidly, reached a peak more quickly, ulcerated more frequently, and healed sooner (32) . The bacilli multiplied for a shorter time and were subsequently more rapidly inactivated (32) . The associated histological responses were also accelerated: epithelioid cells matured faster, and plasma cells and fibroblasts appeared sooner (32) . The BCG nodules of susceptible rabbits showed the opposite characteristics. The more rapid growth of the BCG nodule in the resistant animal was associated with a more rapid development of tuberculin sensitivity (32) .
The acquired immunity from BCG vaccination was higher in resistant than in susceptible animals (32) . At 5 weeks after the inhalation of human-type tubercle bacilli, the number of primary tubercles in resistant rabbits was reduced 80% by BCG vaccination; the number in VroL. 29, 1965 susceptible rabbits was reduced only 15%. In other words, BCG vaccination increased the resistance of resistant animals fivefold, and increased the resistance of susceptible animals only 1.2-fold. Thus, vaccination helped the most the rabbits that needed it the least and, conversely, helped the least the rabbits that needed it the most. These results were not surprising. The ability of the host to inhibit the growth of tubercle bacilli in its tissues is largely due to the immunity acquired by macrophages as a result of the infection. Natively resistant animals acquire more immunity than susceptible animals from either a virulent infection or an attenuated one like BCG. Acquired resistance is therefore superimposed and determined by native resistance.
IMMUNOLOGICAL STUDIES
The immunological attributes studied in this colony of rabbits fell into five categories: (i) macrophage function, (ii) antibody production, (iii) delayed hypersensitivity, (iv) localization of the infection, and (v) white blood cell counts (Table 3) .
Macrophage Function The macrophages of the more resistant rabbits were better able to inactivate the tubercle bacillus in vivo (6, 23, 27, 29, 38) , and were more resistant to the cytotoxic effect of tubercle bacilli in vitro (18, 19) . Intact oil-induced peritoneal macrophages of certain natively resistant families showed greater dehydrogenase and acid phosphatase activities than did intact macrophages of certain susceptible families (3) . When a temporary decrease in acquired resistance was produced in susceptible rabbits by revaccination with BCG (5), certain macrophage dehydrogenase activities were also decreased (4). Frozen and thawed macrophages of various inbred families showed differences in their content of two esterases and an enzyme hydrolyzing N-benzoyl-D ,Lphenylalanine-f-naphthol ester (12) , but no differences were found in their proteinase, lipase, and lysozyme contents (7, 12) . Many more macrophage enzymes will have to be studied before an understanding of their contribution to native resistance is achieved.
Antibody Production Some of the rabbit families, e.g., T and AD, produced high levels of antibodies; others produced only low levels (23, 27, 29, 32) . A general correlation between resistance to tuberculosis and antibody production existed, with several exceptions (23) . The susceptible C family seemed to produce low antibody titers to bovine yglobulin and yet produced normal titers to the Lac-hapten of Karush and Saha (unpublished data), which is of polysaccharide configuration (20) . The titers of bactericidins against Salmonella typhosa strain 0901 were similar in normal sera from both resistant and susceptible rabbits (L. H.
Muschel, unpublished data).
Delayed Hypersensitivity In general, resistant families developed higher degrees of delayed hypersensitivity than did susceptible families after (i) the injection of dead tubercle bacilli (23), (ii) infection with human tubercle bacilli (29) , (iii) the intradermal inoculation of BCG (32), or (iv) vaccinia infection (40) . The growth of vaccinia virus in the skin was apparently equal in all the families tested, but susceptible strains showed more systemic reaction to intradermal infection, as evidenced by weight loss, debilitation, and occasional death (40) .
Localization of the Infection Localization of infectious agents in the skin has been linked with its protective function. The resistant rabbit families localized intradermally injected tubercle bacilli better than did some susceptible families (23) . Unrelated substances such as carbon particles and hemoglobin were also localized better by resistant families (13, 22, 23, 28) . The localizing response of the skin was not, however, always correlated with resistance to tuberculosis (13, 22, 23, 28) . The dermal response to the lipopolysaccharide PmKo was another variable which was sometimes, but not always, correlated with native resistance to tuberculosis (13) . The response to PmKo seemed independent of the skin's localizing response (13) .
IWhite Blood Cell Counts
When placed in the cold (5 C), the resistant T rabbits responded with higher polymorphonuclear cell counts in the blood than did susceptible FC rabbits (A. M. Dannenberg, Jr., and M. B. Lurie, unpublished data). Under normal conditions, however, no differences among the families were found in total and differential cell counts (Dannenberg and Lurie, unpublished data), or in absolute basophil counts (W. B. Shelley, unpublished data; 41).
GENETIC STUDIES

Resistance
Genetic studies have been carried out on this colony and are summarized in Table 4 . A hybrid rabbit strain (F1) was obtained by crossing a highly resistant and highly susceptible strain (36) .
Its resistance to tuberculosis was intermediate A-Aa2/Aa2, Ab4/Ab4 FCCa-Aa2/Aa2 Ab4/Ab4
Aa2/Aa3, Ab4/Ab4 Aa3/Aa3, Ab4/Ab4 CaC-Aa2/Aa3, Ab4/Ab4
Aa3/Aa3, Ab4/Ab4 AD-Aa2/Aa2, Ab4/Ab4
Aa1/Aa2, Ab4/Ab4 (8) . Our C family was inbred for susceptibility to tuberculosis; Chai's Y-line was apparently inbred for skin transplantation. Our C family was homozygous at both the a and b loci for y-globulin (S. Dray, unpublished data). Chai's Y-line was homozygous at the a locus, but not at the b (Dray, unpublished data). The C family, which is only a fair producer of antibodies (29; Saha and Karush, unpublished data) and delayed hypersensitivity (29, 32) , seemedto reject heterologous skin grafts at approximately the normal rate (11) .
Popliteal lymph node cells from C rabbits immunized with Shigella antigens were transplanted into (i) C rabbits and random-bred rabbits, and (ii) irradiated C rabbits and irradiated randombred rabbits (T. N. Harris and C. A. Ogburn, unpublished data; 16). In each case, the agglutinin titers of the C recipients were higher than those of random-bred controls. In other words, the transplanted "C" lymphoid cells lived longer and produced more antibody in the inbred C recipients.
Genetic Markers
Additional criteria for inbreeding are such genetic markers as color, blood types, and yglobulin allotypes. The T and C families are true albinos. CaC, FC, FCCa, and AD manifest Dutch characteristics, and the A family had English markings (23) . All the families tested except the AD were heterozygous in their blood types (C. Cohen, unpublished data; 9, 10; Table 4 ). The T and C families were homozygous in their 'yglobulin allotypes, whereas CaC, AD, and FCCa families were heterozygous (Dray, unpublished data; 14, 15; Table 4 ).
ENDOCRINOLOGICAL STUDIES INVOLVING THYROID AND ADRENAL FUNCTION
These studies were of two types: (i) the effect of an altered endocrine balance on host response to the tubercle bacillus, and (ii) the identification of differences in endocrine balance existing among these inbred strains (Table 5 ).
In the first study, rabbits under the influence of cortisone (25, 26, 33, 35) or antithyroid drugs (26, 31) , and rabbits that had been thyroidectomized (26, 31) , responded to the inhalation of human-type tubercle bacilli as genetically susceptible rabbits. They had a greater number of primary pulmonary tubercles than did controls, and these tubercles resided more intra-alveolarly and had less interstitial inflammation surrounding them. More bacilli proliferated in their lesions and fewer drained to the hilar lymph nodes. The maturation of epithelioid cells was delayed in these rabbits, and the disintegration of the nuclear debris in the caseous centers of their tubercles was incomplete. Conversely, rabbits under the influence of triiodothyronine or thyroxine responded to the inhalation of tubercle bacilli as genetically resistant rabbits (37) . They had fewer primary tubercles with more interstitial inflammation, fewer bacilli in their lesions with more bacilli reaching the hilar lymph nodes, and faster maturation of both epithelioid cells and the caseous process.
The spread of tuberculosis from an intracutaneous site was markedly restricted in rabbits of the C family by the administration of estrogen (28) , and enhanced in the A family by chorionic gonadotropin (28) . Estrogen significantly suppressed the development of amyloid degeneration Small in FC (34) In FC, Ca, and TTC (34) In AD, TTC, TA, and CaC, but not in T and C (37) In T, TA, and CaC (26, 31) In C (28) In A and C (28) In A (28) In TTC (1) and AD (1) In AD (1) In TA (2) and CaC (2) VOL. 29, 1965 473 on November 2, 2017 by guest http://mmbr.asm.org/ Downloaded from LURIE AND DANNENEERG in tuberculous rabbits of both of these strains (28) . Altered adrenal or thyroid function produced changes in the number of macrophages, induced by the intraperitoneal injection of mineral oil, and changes in the activities of certain of their enzymes when intact cells were tested (1, 2) .
In the second study, the FC family was characterized by small adrenals (34) , and in one experiment the resistance of these rabbits to tuberculosis seemed to be improved by a small dose of adrenocorticotrophic hormone (33) . Under the influence of thyroid hormone, the T and C families did not become more resistant to tuberculosis, whereas the AD, TTC, TA, and CaC families did (37) .
CONCLUSIONS AND OUTLOOK Members of the Phipps colony of rabbits have been inbred for resistance or susceptibility to tuberculosis for a third of a century. The use of these rabbits has contributed considerably to the experimental pathology of allergic and infectious diseases. In the last analysis this colony has been inbred for macrophage function, because these cells are mainly responsible for the inactivation of tubercle bacilli. Macrophages, however, like every other cell of the host, are controlled by numerous interacting and integrative variables, which in this case are of a genetic, immunological, and endocrinological nature. The data emphasize the interdependence and organization of the innumerable phenomena which constitute life.
As for the future, many problems remain to be solved. What is the exact nature of cellular immunity? How much is specific and how much nonspecific? The roles of cell proliferation, cytophilic antibodies, and the production, stability, and enzyme and bactericidin content of lysosomes need further investigation. What is the cause of caseation and liquefaction? Is it hypersensitivity, autolytic enzymes, bacterial products, or combinations of these? Can pharmacological products be developed to enhance native and acquired resistance and eliminate tissue destruction in tuberculosis and other allergic and infectious diseases? Since man has a long way to go in the solution of these basic problems, this inbred rabbit colony should continue to be of use in many experiments yet to be performed.
